The forces felt by different transduction channels in a bundle depend critically on how well stereocilia remain cohesive during deflection. In the bullfrog saccule, sliding adhesion mediated by horizontal top connectors (HTC) confers coherent motion to hair cell stereocilia and parallel gating to all transduction channels. In cochlear inner and outer hair cells (IHCs and OHCs), the mature complement of HTC is established by postnatal day 12; they extend between adjacent stereocilia of both rows and columns. Contrary to our expectation that bundle cohesion should be robust in all directions, our experiments on gerbil cochleas show that lateral coupling among stereocilia of the tallest row is weak. These findings suggest that the function and molecular composition of the HTC in the cochlea are different from those in bullfrog hair cells. They also raise concern for current stimulus methods, which involve glass probes that are often small compared to the bundle width. Our data suggest that only stereocilia in contact with the probe are stimulated, and delivery of the stimulus to the remaining stereocilia is weak and inhomogeneous. To mimic the OHC stimulus delivered by the overlying tectorial membrane in vivo, we are developing new stimulation technologies.
INTRODUCTION
The propagation of stimuli across the stereocilia in a hair bundle determines the forces felt by different transduction channels in a bundle. If stereocilia could separate, the stimulus would diminish from the tallest to the shortest stereocilium in a column and the transduction channels would be mechanically in series. If stereocilia are tightly held together then the bundle is expected to move as a unit and transduction channels are mechanically in parallel. The biophysics of channel gating depends critically on which model is right. We have previously used isolated hair cells from the bullfrog saccule and delivered stimuli to their kinocilium which in turn is connected to stereocilia and so moves the bundle as a whole Corey, 2005 & 2010) . We found that stereocilia are held tightly together even for stimuli that are ten times the physiological range, and even at kilohertz frequencies. By disrupting various sets of extracellular links between stereocilia, we produced evidence that a set of links, the horizontal top connectors, mediate a form of lateral adhesion forcing the bundle to move as a unit and the channels to be gated in parallel.
Is this true for cochlear bundles? In cochlear inner and outer hair cells (IHCs and OHCs), the mature complement of horizontal top connectors is established by postnatal day 12 (P12); they extend between adjacent stereocilia of both rows and columns (Goodyear et al, 2005) . We therefore expect that bundle cohesion should be maintained in both directions. However, in neonatal (P4) bundles, lateral coupling of OHC stereocilia appears low (Langer, Fink et al., 2001) . Does this improve with development or are cochlear bundles fundamentally different from frog? To understand the extent of lateral coupling of cochlear hair bundles we measured the displacement of the hair bundles at multiple longitudinal locations along the tallest row while pushing the bundle using low frequency stimuli. Our results show that lateral coupling remains weak at all developmental stages. The implications of these findings are discussed.
METHODS
We dissected the organ of Corti (OC) from P4 to P12 gerbils, bathed in DMEM/F12 (Gibco) culture medium, and cut it into three pieces corresponding to the apical, middle and basal turns. The OC pieces were then placed onto matrigel covered cover slips and cultured for at least 2 hrs in DMEM/F12 medium with 5% fetal bovine serum and 1% N2 supplement (Gibco). The cultures were then imaged on an upright microscope (Nikon, FN1 Eclipse). A stiff glass probe with a blunt, ~0.5-Pm tip was used to push IHC and OHC stereocilia in the excitatory direction using a piezoelectric bimorph (Fig. 1A) . Stimuli were slow sinusoids of 120, 240, and 480 nm, corresponding (depending on bundle height) to 1-14 degrees angular displacement. Stimuli were delivered at multiple locations along the tallest stereociliary row, and along the stereociliary height. Displacements of individual stereocilia were recorded with a CCD camera; the resulting images were interpolated and high passed filtered (Fig. 1B) . Regions of interest in the images were selected (Fig. 1B) and their motion analyzed using cross-correlation methods (Karavitaki and Corey, 2010) .
RESULTS

Lateral Coupling of OHC and IHC Stereocilia is Weak
We collected data from a total of 111 IHCs and OHCs from all cochlear locations of P4 to P12 gerbils. The inset of Figure 1B shows the displacement of an IHC hair bundle from the apical turn of a P11 gerbil. The probe was positioned near the middle of the bundle and was pushed along the excitatory direction. For all stimulus amplitudes the bundle displacement was largest near the location of the probe and decayed rapidly at more lateral locations. We estimated that the diameter of IHC stereocilia in the apical turn of P11 gerbils is ~ 350 nm, thus movement of the probe in the excitatory direction propagated laterally by only a few stereocilia and the bundle did not move coherently. This was true for IHC and all three rows of OHC stereocilia, for all developmental ages, all cochlear turns and amplitudes tested. 
The Extent of Lateral Coupling is Independent of Stimulus Amplitude and Probe Location
To understand if the extent of lateral coupling was dependent on probe location we positioned the probe at multiple longitudinal positions along the hair bundle and repeated the measurements as before. As shown in Figure 2 the extent of lateral coupling was weak (only about a couple of stereocilia) and independent of stimulus amplitude for all probe locations. FIGURE 2. IHC hair bundle displacement for probe locations near the middle (A), side (B) and edge (C) of the hair bundle for three different stimulus amplitudes (A1, A2, A3). Data are normalized to the maximum displacement of the hair bundle at each probe location and stimulus amplitude. Same cell as in Figure 1 .
DISCUSSION
The lateral coupling within the stereocilia of the tallest row of mammalian cochlear hair bundles is weak, suggesting that the function and molecular composition of horizontal top connectors are different from those in bullfrog hair cells. This also raises concern for current stimulus methods, which involve glass probes that are often small compared to the bundle width. Our data suggest that only stereocilia in contact with the probe will be stimulated, and delivery of the stimulus to the remaining stereocilia will be weak and therefore not homogeneous. To mimic the simultaneous and equal OHC stimulus delivered by the overlying tectorial membrane to stereocilia of the tallest row in vivo, better stimulation methods must be developed.
